The heart is a heterogeneous tissue composed of several cell types tailored for specialized functions. We found that intracellular channels also exhibit regional specialization.
ABSTRACT
The heart is a heterogeneous tissue composed of several cell types tailored for specialized functions. We found that intracellular channels also exhibit regional specialization.
In cardiac and skeletal muscle these channels are called the calcium-release channel and are identified by activation with either calcium or caffeine and inhibition by the hexavalent cation ruthenium red. The calcium-release channel of the sarcoplasmic reticulum from the interventricular septum has a smaller conductance (31 pS vs. 100 pS) and has longer open and closed times when compared with the channel from leftventricular free wall. An additional calcium-permeable channel with an even smaller conductance (17 pS) was found in the septum, and this channel is similar to the inositol 1,4,5-trisphosphate-gated channel from smooth muscle and different from the calcium-release channel (ryanodine receptor) from skeletal and cardiac muscle. The inositol 1,4,5-trisphosphateactivated channel may be derived from specialized conducting tissue that is relatively abundant in the septum, whereas the other calcium-release channels may be derived from regionally specialized myocardial cells in the septum and free wall.
The existence of myocardial cells specialized for impulse formation (the sinus node pacemaker), slow conduction (the atrioventricular node), and rapid conduction (the Purkinje fibers) has been recognized since the beginning of this century (1) . More recently, it has become possible to relate the many morphologic, metabolic, and physiologic heterogeneities in the adult mammalian heart to specific molecular properties-for example, when comparing atria and ventricles (2-5) or ventricular epicardium and endocardium (6) (7) (8) . Different types of voltage-dependent calcium channels of the outer membrane have been identified in heart and a variety of other cell types (e.g., refs. 9 and 10), but these channels do not appear to be regionally localized. In this paper we show that the intracellular calcium channels that initiate contraction exhibit a regional specialization. Evidence that the heart has calcium channels adapted to the specialized functions of specific regions may reflect a general property of organ tissues.
METHODS Sarcoplasmic reticulum vesicles from canine ventricular muscle were isolated by using a modification of existing methods (11) . Specifically, hearts were excised from anesthetized dogs, placed in cold saline, and dissected free of fat, pericardium, and connective tissue; the atria and any portion of remaining aorta were discarded. The left-ventricular free wall and the high septum were dissected away from the rest of the myocardium, minced, and then homogenized separately with a Brinkmann Polytron at setting 6 (5 sec; four times) in 4 vol of buffer A (10 mM imidazole, pH 7.4 at 4°C).
Another 4 vol of buffer A was added to the homogenates, and the suspension was centrifuged for 20 min at 6000 rpm (Beckman 35 Ti rotor). The pellets were rehomogenized in the same volume of buffer A and centrifuged for 20 min at 6000 rpm. The supernatant fluids were combined and filtered through two layers of cheesecloth and centrifuged for 15 To study the calcium-release channel these vesicles were then incorporated into preformed planar lipid bilayers as described (12, 13 
2486
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
RESULTS
When sarcoplasmic reticulum vesicles made from the free wall of canine left ventricle were incorporated into planar lipid bilayers, a 100-pS channel with an open probability (P.) >0.2 was usually observed. Addition of 5 mM caffeine further activated the channel (Fig. 1, top two traces) . The slope conductance of the channel isolated from the free wall (Fig. 2) When sarcoplasmic reticulum vesicles made from the interventricular septum were incorporated into bilayers and analyzed under the same conditions used previously, a 31-pS channel was observed. We never detected a 100-pS channel when vesicles from septum were incorporated into the bilayer (Fig. 4 Left), suggesting that the 100-pS channel is absent, or ifpresent, occurs at a density too low to be detected using the bilayer assay. Under control conditions (0.11uM free calcium) the probability of finding the septal channel open was markedly less than for the channel from the free wall (P. < 0.1).
Although addition of 5-10 mM caffeine activated the septal channel, two striking differences were apparent. (i) The septal calcium-release channel currents were =3-fold lower in conductance than those from ventricular free wall (compare Fig. 1 , top two and middle two traces and Fig. 2 (14) . The slope from leftventricular free wall (v) and from whole, unselected ventricle is 100 pS. The slope conductances of the two channels isolated from septum are 31 pS (e) and 17 pS (o). channels were slower than the free wall channels. Upon further analysis, the septal channels had a mean open time of 65 ms and mean closed time of 180 ms, compared with 17 ms and 18 ms for the free-wall channels. Only two experiments were suitable for kinetic analysis because in all our other experiments at least two septal channels were present in the bilayer. As it was usually possible to measure a single ventricular free-wall channel, the apparent clustering of septal channels may represent another difference between these regions of the canine heart. Like the channels obtained from the free wall, those from the septum were inhibited by ruthenium red. Despite the observed differences between the channels from the septum and free wall, vesicles from both regions of the heart bound ryanodine with similar affinity and maximum number of binding sites (Kd for septum, 3.2 ± 0.16 nM and for free wall, 2.7 ± 0.28 nM; Bm. for septum, 6.3 ± 0.36 pmol/mg and for free wall, 7.4 ± 2.2 pmol/mg (X ± SEM; five preparations; J.W. and B.E.E., unpublished observations).
When septal vesicles were studied, a second, smaller channel was observed in =30% of the experiments (Fig. 1 , bottom two traces). The slope conductance for these channels was 17 pS (Fig. 2, open circles) . This smaller channel from septum was seen in the same membrane as the 31-pS channel (Fig. 3 , bottom two traces) and in membranes lacking the 31-pS channel (Fig. 3 , middle two traces) as well as after inhibition of the 31-pS channel with ruthenium red (data not shown). Although in the absence of inositol 1,4,5-trisphosphate (InsP3) these channels were observed rarely (in 1 of 10 experiments), in four experiments InsP3 was added to determine whether in septum there was an InsP3-gated channel related to the InsP3-gated channel found in aortic smooth muscle (13) and in scallop muscle (17 that it is not activated by caffeine or inhibited by ruthenium red but is activated by InsP3. The conductance is also similar to that of other InsP3-gated channels (13, 17) . When sarcoplasmic reticulum vesicles made from whole, unselected ventricular muscle were studied, two classes of calcium-permeable channels were observed (Fig. 4 Middle).
The larger channel was 100 pS, and this channel could be activated by caffeine and inhibited by ruthenium red, as described (13) (14) (15) (16) for the calcium-release channel/ryanodine receptor. The smaller class of channels was 31 pS. This channel also could be activated by caffeine and inhibited by ruthenium red. We noticed that the two channel types were rarely observed in the same bilayer. When the current at 0 mV was plotted for all of the analyzed experiments with interventricular septum and left-ventricular free wall (Fig. 4 Left and Right, respectively), there is complete separation in the current amplitudes, supporting our hypothesis that dif- 
DISCUSSION
In this paper we have described two calcium-release channels that differ in single-channel conductance and in open and closed times. One channel has a conductance of 100 pS and appears to be localized to the free wall of the ventricle, whereas the other channel has a conductance of 31 pS and is found predominantly in the interventricular septum. Pharmacologically, however, the channels from both regions are similar, and the specificity of the agonists and antagonists support the hypothesis that both channels are ryanodine receptors (calcium-release channels).
Recently, evidence has been presented to suggest that there are isoforms of the calcium-release channel in avian skeletal muscle (19, 20) . These two channel proteins differ in molecular weight, immunological cross-reactivity, and peptide maps (19) ; moreover, the expression of these two channel proteins changes during development (20) . A third channel protein isoform may also be present in these avian skeletal muscles (20) . Thus, there is a precedent for the existence of calcium-channel isoforms, although little is known about the extent of the functional and/or structural differences between the channel isoforms.
The observation of an InsP3-gated channel from heart was unexpected because InsP3-induced calcium release was not detected in vesicles made from whole, unselected ventricle (11, 13) despite reports of InsP3-induced contractions in permeabilized or skinned ventricular muscle (e.g., refs. 21 and 22). However, the probability of observing an InsP3-gated channel in bilayer experiments was low, suggesting that few of the septal vesicles had InsP3-gated channels, and hence these channels would be difficult to detect by using a release assay, especially if whole unselected ventricle was studied. It is interesting to note that the InsP3-gated channels appear concentrated in a region of heart containing specialized conducting tissue that has many characteristics similar to neurons, some of which have the highest known density of InsP3 receptors (23) .
A possible role for the unexpected differences we observed in the calcium-release channels of the septum and free wall of the left ventricle was suggested over 50 yr ago by Carl Wiggers (24) , who in the first edition of his classical textbook noted that during ventricular contraction, "blood is not merely pressed out by a decrease in their cavities; it is virtually wrung out. The effectiveness of contraction is further enhanced by the fact that the thick interventricular septum is excited first and becomes a point of fixation for the contracting spirals of muscles [of the free wall] which terminate there." These early observations raise the possibility that the smaller conductance and, possibly more densely packed, septal channels are adapted to provide for sustained tension in the septum, which is the first part of the ventricles activated. Sustained contraction of the septum would "anchor" contraction of the free wall and also allow the right and left ventricles to empty in their different manners: the left ventricle as a pressure pump; the right ventricle, which develops much less pressure, as a volume pump. In contrast, the larger conducting channels of the free wall may be specialized to allow these portions of the left ventricle to carry out their more rapid "squeezing" motion, which ejects blood into the aorta.
The present study adds to growing evidence for a remarkable heterogeneity in myocardial cell composition that contributes to the adaptation of form to function, which is essential for efficient contraction of the heart (2). Our results also suggest that mechanical abnormalities in the hypertro- phied and failing heart (25) may be due, in part, to changes in the regional expression of calcium-release channel isoforms.
